EI.ECTR0MZW3NETIC ACTUATOR SYSTEM AMD METHOD FOR ENGINE VALVES 

Field of the Invention 

The present invention relates generally to systems for 
5 electromagnetically actuating engine valves . More 
specifically, it relates to the control of the actuator 
armature and engine valve with soft seating of actuator 
armature to actuator cores, and soft seating of engine 
valves . 

10 

Background of the Invention 

It has been well known that variable valve timing for 
internal combustion engines will improve their fuel economy 
and reduce emissions. An electromagnetic valve actuation 

15 system (EMVAS) is one of the technologies to realize the 
required variable valve timing. 

One form of known electromechanical actuators includes 
an armature that moves back and forth along a linear travel 
path between two electromagnet cores . The armature 

20 functions as an actuating member and is operated against 
the force of two springs positioned on opposite sides of 
the armature. In an unactuated state, the armature is 
positioned midway between the two cores by the opposing 
springs . 

25 Electromagnetic actuators of the above-described type 

are used, for example, for operating cylinder valves of 
internal combustion engines. Each cylinder valve is 
actuated by the armature of the associated electromagnetic 
actuator. The armature which, by virtue of the forces of 

30 the return springs, assumes its position of rest between 
the two electromagnets, is alternatingly attracted by the 
one or the other electromagnet, and, accordingly, the 
cylinder valve is maintained in its closed or open 
position. 

35 A first problem associated with EMVAS' s is to 

initialize the armature from a middle position to either a 
valve open position or a valve closed position with soft 
seating of the armature and the engine valve. 
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A second problem associated with EMVAS's is to control 
the armature transition from the open position to the 
closed position or from the closed position to the open 
position with soft seating between the armature cores and 
5 the armature, and between the valve and the engine head. 

A third problem is the robustness of the soft seating 
initialization and transition control. 

A fourth problem is the high-bandwidth and complicated 
current shaping requirement for achieving the required soft 
10 seating control. 

A fifth problem is the power consumption minimization 
of the EMVAS and the power requirement reduction to 
minimize the system size, weight and cost. 

A sixth problem is the power wasted every time the 
15 EMVAS and the valve train are shut down. 

Summary of the Invention 

The present invention concerns an apparatus and method 
for operating an electromagnetic valve actuator coil in a 

2 0 manner to solve the above-described problems by using an 

energy feedback and loss compensation algorithm. The 
apparatus controls a valve actuator having an armature 
positioned between open and close coils. Included is a 
position processor that generates an energy signal and open 
25 and close timer signals in response to a position signal 
representing a position of the valve actuator armature 
relative to the open and close coils. A current controller 
generates a final current command signal and a normalized 
energy signal in response to the energy signal and an event 

3 0 generator generates event signals in response to the open 

and close timer signals and the normalized energy signal. A 
supervision logic controller generates initialization and 
transition signals in response to the final current command 
signal and the event signals, the initialization and 
35 transition signals defining current pulse magnitude and 
duration for soft seating of the armature on a seating 
surface of cores associated with the open and close coils. 

The method for controlling includes the steps of: 
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generating a final current command signal in response to a 
position signal representing a position of a valve actuator 
armature relative to open and close coils; generating a 
first signal in response to the final current command signal 
5 defining a higher magnitude current pulse of predetermined 
duration to draw the armature toward the one of the coils; 
generating a second signal in response to the final current 
command signal defining a predetermined period of no current 
pulse; and generating a third signal in response to the 
10 final current command signal defining a lower magnitude 
holding current pulse for soft seating of the armature on a 
seating surface of a core associated with the one coil. 

Brief Description of the Drawings 

15 The above, as well as other advantages of the present 

invention, will become readily apparent to those skilled in 
the art from the following detailed description of a 
preferred embodiment when considered in the light of the 
accompanying drawings in which: 
20 Figs, la-lc are schematic views of an electromagnetic 

valve actuator system showing the valve open, valve half 
open and valve closed positions respectively; 

Fig. 2 is a schematic block diagram of the energy- 
feedback loss-compensation control circuit of the 
25 electromagnetic valve actuator system according to the 
present invention; 

Fig. 3 is a schematic block diagram of the position 
processor shown in Fig. 2; 

Fig. 4 is a schematic block diagram of the current 
3 0 controller shown in Fig. 2; 

Fig. 5 is a schematic block diagram of the event 
generator shown in Fig. 2; 

Fig. 6 is a schematic block diagram of the logic 
controller shown in Fig. 2; 
35 Fig. 7 is a waveform plot of coil current, armature 

speed and armature position during an initialization 
process of the electromagnetic valve actuator system shown 
in Fig. 2; and 
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Fig. 8 is a waveform plot of coil current, armature 
speed and armature position during an open-to-closed 
transition control process of the electromagnetic valve 
actuator system shown in Fig. 2. 

5 

Description of the Preferred Embodiment 

Figs, la through Ic show an engine valve 10 mounted 
for reciprocation in a port 11 of an engine part 12. An 
electromagnetic valve actuator 13 is controlled to operate 
10 the engine valve 10 to an opened position (Fig. la), a half 
opened position (Fig. lb), or a closed position (Fig. Ic 
according to commands from an engine controller (not 
shown) . The actuator 13 includes an armature 14 attached 
: to the stem of the valve 11. The armature 14 is attracted 

15 by an energized lower coil 15 to compress a lower spring 16 
as shown in Fig. la. Alternatively, the armature 14 is 
attracted by an energized upper coil 17 to compress an 
™ upper spring 18 as shown in Fig. Ic. 

T '^he lower coil 15 and the lower spring 16 are retained 

20 in a lower core 19 having an upwardly facing seating 
surface 20 against which the armature 14 comes to rest in 
J the valve opened position. The upper coil 17 and the upper 

spring 18 are retained in an upper core 21 having an 
downwardly facing seating surface 22 against which the 

25 armature 14 comes to rest in the valve closed position. 
The seating surfaces 20 and 22 are spaced apart by a gap 23 
through which the armature 14 passes in transition and in 
which the armature is centered when both of the coils 15 
and 17 are not energized. 

3 0 Fig. 2 is a block diagram of an energy- feedback loss- 

compensation control circuit 25 according to the present 
invention. The circuit 25 includes four major functional 
blocks: 1) a position processor 26; 2) a current controller 
27; 3) an event generator 28; and 4) a supervision logic 

35 controller 29. An engine control unit 30 generates 
commands, such as open/close transition (Open/close) , 
start/stop operation (start/stop), and first valve position 
for initialization (Valve_ini_pst) , at outputs connected to 
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inputs to the controller 25. The controller 25 responds to 
these commands and generates current commands to a current 
regulated power amplifier 31 that drives the coils 15 and 
17 for valve motion actuation. 
5 Fig. 3 shows the signal flow for position information 

processing in the position processor 26. A start signal, 
at an input terminal 1, begins the process. First, the 
position signal, at an input terminal 2, is differentiated 
(32) to obtain the speed of the armature 14. The speed and 

10 the position of the armature 14 are converted to mechanical 
energy values (33 and 34) that are summed (35) to obtain 
the total mechanical energy of the armature generated as an 
Energy signal at an output terminal 1. Secondly, the zero- 
crossing point of the position signal is generated to 

15 trigger a counter for the closing process and the opening 
process, respectively. Half of the natural transition time 
(36 and 37) is used to normalize a pair of timers 
generating a Timer_cls signal at an output terminal 2 and a 
Timer_opn signal at an output terminal 3. Note that this 

20 information can also be obtained through the direct 
measurement of armature acceleration. This signal can then 
be integrated to obtain the velocity and the position of 
the armature 14. 

Fig. 4 shows the energy-feedback based current 

25 controller 27. The Energy signal from the position 
processor 2 6 is received at an input terminal 1 and is 
first normalized based on the maximum potential energy. A 
look-up table 38 named EI_curve determines the amount of 
energy that can be injected into the armature 14 by a 

3 0 current pulse with a magnitude of I_max (here I_max = 12 
A) . On the other hand, a total loss is estimated based on 
the status of the armature 14 (in terms of energy) and two 
gains {K_l at 39 and K_2 at 40) . There are other 
mechanisms to estimate this total loss, even including the 

3 5 aerodynamic loss. The total loss is compared with the 
maximum available energy injection (38) and a final current 
command I_cmd is obtained at an output terminal 1 after 
scaling (K-3 at 41) and processing by a limiter (42) . 
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Fig. 5 shows the event generator 2 8 that is used to 
trigger the supervision logic controller 2 9 as shown in 
Fig. 6. Based on the Timer_cls signal received at an input 
terminal 2 from the position processor 26, a cls_app signal 
5 is generated at an output terminal 4 when armature 14 is 
released from the open position and approaches to the 
closed position when passing the middle point in the gap 
23. This cls_app signal is used to start the current pulse 
that will be terminated when a cls_set signal is available. 

10 The same operation is performed for the closed-to-open 
transition based on Timer_opn received at an input terminal 
3 from the position processor 26. Another way to terminate 
the current pulse is to use an events signal E_cls 
generated at an output terminal 2 and an events signal 

15 E_opn generated at an output terminal 3 which signals 
indicate that the armature reached enough energy status for 
seating. An event signal E_stp is generated at an output 
terminal 1 for stopping the armature 14. These three 
energy feedback related events (E_opn, E_cls and E_stp) are 

20 generated based on a normalized energy signal energy n 
generated from an output terminal 2 of the current 
controller 2 7 and received at an input terminal 1. 

Fig. 6 shows the supervision logic controller 29 that 
consists of two major parts: Initialization and Transition. 

25 When a "start" command appears, the state transits from 
"Free" to either "cls_pulse" or "opn_pulse" depending on 
the P_int = 1 or P_int = O, respectively. In these states, 
Ic_int and lo-int are the current commands sent to the 
close coil 17 and the open coil 15, respectively. The 

3 0 cls_set or the opn_set event will terminate the current 
pulse. After a short period of free running, the opn_app 
or the cls_app event will trigger another current pulse. 
After certain current pulses and if the armature energy is 
enough, the state will transit to cls_holdingOO or 

3 5 opn_holdingOO depending on the value of P_int. It is 
important to note that the commanding currents in these two 
states (opn_pulse and cls_pulse) have been reduced to just 
overcome the friction for soft seating. Then, the cls_set 
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or the opn_set events will transit the state to 
cls_holdingO or opn_holdingO with the total required 
holding current predetermined experimentally. This is the 
initialization process, which is shown in Fig. 7. It needs 
5 to be noted that the magnitudes of the current pulses are 
reduced for the purpose of soft seating. 

Referring to Fig. 6 and Fig. 8, the transition process 
is triggered by the event opn2cls or the event cls2opn. 
Fig. 8 shows the transition control process from open to 

10 close. On the event of opn2cls, the open coil current is 
cut off and the armature is moving towards the close coil 
17 driven by the spring force and after a mechanical 
response time (about 2.5 ms) . When the armature passes 
through the middle point, the csl_app event is generated to 

15 start the current pulse in the close coil 17. When the 
energy reaches the preset level, the current is reduced 
until the cls_set event appears. This event will change 
the command current to the holding current until the 
cls2opn event is generated. 

2 0 Referring to Fig. 4, the current command I_cmd can be 

added to by a difference component delt_I_cmd, which is 
determined by the armature energy when it seats. If the 
seating energy is larger than the full system energy, a 
negative delt_I_cmd signal will be generated. On the other 

25 side, a positive delt_I_cmd signal will be generated if the 
seating energy is smaller than the full system energy. A 
PI regulator 43 can be used to implement this feature. 3y 
doing this, the control robustness will be enhanced. 

Referring to Fig. 7 and considering the stopping 

30 process, the energy stored in the compressed spring will be 
regenerated back to the battery by applying the current 
pulses with a 180 degree phase shift relative to armature 
position (taking one cycle of armature natural oscillation 
as 360 degrees. 
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In accordance with the provisions of the patent 
statutes, the present invention has been described in what 
is considered to represent its preferred embodiment. 
However, it should be noted that the invention can be 
5 practiced otherwise than as specifically illustrated and 
described without departing from its spirit or scope. 
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